Mutations in the gene for CD40 ligand are responsible for the X-linked form of hyper IgM syndrome. However, no clinical or laboratory findings that reliably distinguish X-linked disease from other forms of hyper IgM syndrome have been reported, nor are there tests available that can be used to confidently provide carrier detection. To identify efficiently mutations in the gene for CD40 ligand, eight pairs of PCR primers that could be used to screen genomic DNA by single strand conformation polymorphism (SSCP) were designed. 11 different mutations were found in DNA from all 13 patients whose activated T cells failed to bind a recombinant CD40 construct. The exact nature of four of these mutations, a deletion and three splice defects, could not be determined by cDNA sequencing. In addition, SSCP analysis permitted rapid carrier detection in two families in whom the source of the mutation was most likely a male with gonadal chimerism who passed the disorder on to some but not all of his daughters. These studies document the utility of SSCP analysis for both mutation detection and carrier detection in X-linked hyper IgM syndrome. ( J. Clin. Invest. 1996. 97:196-201. )
Introduction
In 1992 Armitage et al. (1) reported the identification of the murine gene for CD40 ligand. Within 8 mo, five groups independently reported that the disorder X-linked hyper IgM syndrome was due to mutations in the human counterpart of this gene (2) (3) (4) (5) (6) . CD40 ligand, which is also known as gp39 or TRAP (7, 8) , is a type II transmembrane glycoprotein expressed on the surface of activated T cells (1, 7, 8) . It plays a critical role in regulation of B cell differentiation. When CD40 ligand binds to its cognate receptor on B cells, CD40, it induces B cell activation; short and long term B cell proliferation; and, in the presence of cytokines, switching from IgM production to IgG, IgA, and IgE production (7, (9) (10) (11) .
Hyper IgM syndrome is characterized by normal or elevated concentrations of serum IgM but low or absent IgG, IgA, and IgE (12). Patients with the X-linked form of the disease have the onset of infections in the first few years of life and are more likely to have opportunistic infections and/or neutropenia than are patients with autosomal recessive or multifactorial disease. However, these features are not sufficiently specific to permit a definitive diagnosis of X-linked hyper IgM syndrome (13) . A variety of approaches have been used to identify patients with mutations in CD40 ligand. We and others have used a recombinant construct consisting of the extracellular domain of CD40 and the Fc fragment of an Ig molecule to indirectly stain activated T cells from patients who are thought to have X-linked hyper IgM syndrome (2) (3) (4) (5) 13 ). This method is quick, but it requires fresh cells from a living proband. In addition, others have reported that infants and some patients with common variable immunodeficiency have reduced expression of CD40 ligand (14) (15) (16) . Because carriers of X-linked hyper IgM syndrome demonstrate normal random X chromosome inactivation in T cells as well as all other cell populations, X chromosome inactivation studies cannot be used to confirm a diagnosis or provide carrier detection (17, 18) .
Most mutations in CD40 ligand have been identified by sequencing cDNA or genomic DNA (2) (3) (4) (5) (6) (19) (20) (21) (22) (23) . Although this approach is quite labor intensive, it has permitted the successful detection of a variety of amino acid substitutions, premature stop codons, splice defects, and small insertions or deletions in the gene. No deletions resulting in changes on Southern blot analysis have been reported. The clarification of the intron/exon structure of CD40 ligand in 1994 (20) laid the groundwork for the use of single strand conformation polymorphism (SSCP) 1 analysis for screening of genomic DNA for mutations in CD40 ligand. This approach has the advantage that it can be used to provide carrier detection when the proband is no longer living or in families with sporadic X-linked hyper IgM syndrome when the origin of the mutation is not known. A single mutation in CD40 ligand found by SSCP screening has been reported (24) ; however, it is not clear what proportion of mutations in CD 40 ligand can be detected by SSCP screening.
Methods
Subjects. The patients in this study have been previously described (13) . Briefly, all affected males had the onset of infections before 2 yr of age, and all had serum concentrations of IgG and IgA that were more than two standard deviations below the normal mean for age. Activated T cells from all patients and from some male relatives at risk for having hyper IgM syndrome were analyzed for expression of CD40 ligand using a soluble recombinant CD40 construct as previously described (13) .
PCR. PCR reactions were carried out in a 20-l vol containing 200-400 ng of genomic DNA; 250 M of each dNTP; 25 pmol of each primer, and 1 U Taq DNA polymerase. For SSCP analysis, 3 Ci of [ 32 P] ␣ -dCTP was added to the reaction mix. The samples were denatured at 95 Њ C for 5 min followed by 40 cycles of 95 Њ C for 45 s, annealing at the temperature indicated in Table I for 30 s, 72 Њ C for 30 s with a final 5-min extension at 72 Њ C. The primers and conditions used to examine CA repeat polymorphisms at hypoxanthine phosphoribosyl transferase (HPRT) and CD40 ligand were as reported (25, 26) .
SSCP. SSCP analysis was performed as previously described (27) . Labeled amplified DNA was mixed with loading buffer (95% formamide, 20 nM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanolFF) in a 1:5 ratio, denatured for 7 min at 85 Њ C, placed on ice, loaded onto an MDE gel (AT Biochem, Malvern, PA), and electrophoresed at room temperature or at 4 Њ C in 0.6 ϫ TBE at 3-4 W overnight. Gels were transferred to 3 MM paper (Whatman Inc., Clifton, NJ), dried, and exposed to X-OMAT film (Eastman Kodak Co., Rochester, NY). Autoradiograms were scored for band shifts by two observers.
Cloning and sequencing of mutation-containing exons. PCR products from patients with visible band shifts on SSCP analysis were cloned into TA vector (Invitrogen Corp., San Diego, CA) and sequenced using M13 primers. All mutations were confirmed using a second independent PCR reaction.
Southern blot analysis. DNA was digested with indicated restriction enzymes. Fragments were separated by electrophoresis in a 0.9% agarose gel and blotted onto nylon filters (Duralon UV Membranes; Stratagene Inc., La Jolla, CA) and analyzed with probes labeled with 32 P by random priming.
Results
Activated T cells from 17 patients suspected of having X-linked hyper IgM syndrome were indirectly stained with a recombinant construct consisting of the extracellular domain of CD40 and the Fc portion of IgM. Cells from four of the patients demonstrated normal binding to the CD40 construct (13) . The cDNA for CD40 ligand was sequenced in each of these four patients and was found to be normal, indicating that these four patients did not have X-linked hyper IgM syndrome. Attempts to sequence the cDNA for CD40 ligand in two overlapping fragments proved to be difficult in three of the remaining patients. In two patients we were unable to amplify the 5 Ј portion of the gene; in the third patient, the coding sequence appeared to be normal. To overcome these problems and to develop a method which could easily be used to provide carrier detection for X-linked hyper IgM syndrome, we developed a screening evaluation based on SSCP analysis of genomic DNA.
To obtain sufficient DNA sequence to construct appropriate primers, a cosmid containing the CD40 ligand gene was isolated from the Lawrence Livermore X chromosome library (Livermore, CA) using cDNA from CD40 ligand as a probe. The cosmid was subcloned into Bluescript and primers derived from the cDNA were used to sequence across intron/exon borders and obtain 50-150 bp of sequence both 5 Ј and 3 Ј of each exon. Primer pairs were designed to flank each of the coding exons of CD40 ligand plus the associated splice sites (Table I) . Because SSCP analysis is most efficient at detecting mutations in PCR products between 90 and 220 bp in length, overlapping PCRs were used for the larger exons. Genomic DNA from the affected males and their female relatives was analyzed. To increase the likelihood of detecting subtle changes in DNA strand migration, gels were run both at room temperature and at 4 Њ C. Aberrant band patterns were detected in each exon ( Fig. 1) , and all mutations identified in cDNA sequencing elicited altered band patterns.
We were unable to amplify exon 1 in DNA from Subject 2, one of the three patients for whom we had had difficulties sequencing cDNA. Using a primer 500 bp 5 Ј to the first exon and an antisense primer from the 3 Ј end of the second exon, a 1.5-kb PCR product was derived from the patient's DNA instead of the expected 3.0-kb fragment found in the control. A 1.5-kb deletion including the first exon was confirmed by Southern blot analysis (Fig. 2 ). It had not been possible to amplify the 5 Ј portion of the cDNA because the sequence corresponding to the 5 Ј untranslated region was deleted. The region deleted started 467 bp 5 Ј to the transcription start site and included the promoter for CD40 ligand.
Genomic DNA from the second patient who had been difficult to analyze in cDNA studies, Subject 6, showed an altered band fragment on examination of exon 4. Sequencing of this exon revealed a G to C bp substitution in the ϩ 1 position of the intron 4 splice donor site. This patient and his family had previously been described as having a 63-bp deletion (18) . Our studies on the 3 Ј half of the cDNA had shown insertions of 23-or 73-bp between nucleotides 429 and 430 (Fig. 3) . Analysis of the genomic DNA sequence indicated that the 23-and 71-bp insertions were due to the use of cryptic splice donor sites within intron 4. Our ability to detect the use of these cryptic splice sites was dependent on the use of a PCR primer that hybridized to a region within exon 4. When a primer that annealed to sequence in exon 1 was substituted for the exon 4 primer, it was clear that most CD40 ligand transcripts had deleted the 63-bp exon 4, as previously described. Our difficulties in amplifying the 5 Ј region of the gene were due to the use of an antisense primer, designed in 1992, that bridged the ends of exons 4 and 5. A splice defect also explained our difficulties in identifying a mutation in the cDNA of Subject 1, a patient previously reported as having no alterations in the coding regions of the gene for CD40 ligand (2) . An abnormality in exon 1 was noted by SSCP analysis. Sequencing of this region demonstrated a G to T transversion at the ϩ 1 position of the splice donor site for intron 1. Although deletion of the preceding exon is often seen when there are defects in a splice donor site, this mechanism cannot be used when the defect is in the first intron.
The cDNA of Subject 4 demonstrated a deletion of exon 3, suggesting that he too had a mutation resulting in a splice defect. SSCP analysis of the genomic DNA from this patient showed an altered band pattern for exon 3. A G to A transition at the ϩ 5 position of the splice donor site for intron 3 was found on sequencing of this region. In Subject 5, a single basepair insertion, a G insertion, was identified in codon 128 in exon 4. 1, 3, and 5 ) and from Subject 2 (lanes 2, 4, and 6) was digested with BamHI, PstI, or BglII and analyzed with a genomic probe consisting of the first two exons and the first intron of the CD40 ligand gene. Base pair substitutions resulting in premature stop codons were detected at three different sites in four patients (Table  II) . Two patients, Subjects 12 and 13, had a C to T transition in codon 232 resulting in the substitution of a premature stop codon for the wild-type glutamine. DNA from Subject 13 demonstrated an additional alteration from the reported sequence in codon 219; a C to A change which would result in the substitution of an arginine for the nonconserved glycine at this site. The presence of two different basepair substitutions 39 nucleotides apart was confirmed by sequencing products from two independent PCRs using different sets of primers, by sequencing DNA from the patient's mother and maternal grandmother, and by using mutation-specific PCR primers. Further SSCP studies demonstrated that the change in codon 219 represented a rare polymorphism seen in 2 of 129 additional unrelated X chromosomes from Caucasians. The occurrence of the mutation in codon 232 on two different genetic backgrounds, in two unrelated patients from different parts of the country, suggests that the mutations occurred independently rather than as the result of common descent.
Only 3 of the 13 patients with X-linked hyper IgM syndrome had mutations in CD40 ligand that resulted in amino acid substitutions. We have previously reported the mutations in Subjects 7 and 11 in studies using cDNA sequencing (2). Subject 8, like Subject 7, had a T to C transition in codon 155 resulting in the substitution of a proline for the wild-type leu- cine. Protein modeling studies have suggested that the leucine at codon 155 is within a beta sheet that is critical to the tertiary structure of the protein (28). A proline at this position would be expected to disrupt the beta sheet. Both patients with the L155P mutation had sporadic disease, one is an African-American child from the south and the other is a Caucasian child of Italian descent from the northeastern United States, suggesting that the mutations occurred as independent events in these two boys.
During our studies on affected boys, we were asked to provide carrier detection for several females at risk. In many families with more than one generation of affected males, it was possible to use the highly polymorphic short tandem repeats within the CD40 ligand gene (25) and the closely linked HPRT gene (29) to provide carrier detection by linkage analysis. However, in several families, the results of linkage analysis were not easy to interpret. Fig. 4 A shows the pedigree of Subject 10, who is indicated in this diagram as individual 8. The aunt of this subject, who is indicated as individual 5, had two young sons, one with transient neutropenia and the other with low serum IgA; both boys had inherited the same alleles in and around the gene for CD40 ligand as their affected cousin. However, SSCP analysis of exon 5 showed that the mother of these boys was not a carrier of the mutation. Further, sequencing of cDNA for CD40 ligand from individual 9 was identical to the wild-type sequence. The results indicate that the maternal grandfather of the patient passed the mutation on to two of his daughters but not to individual 5.
In Subject 3's family, shown Fig. 4 B , the mother's cousin, individual 4, wanted carrier detection during her first pregnancy. Linkage analysis suggested that she had inherited the same alleles at CD40 ligand as her affected nephew. However, SSCP analysis of exon 2 demonstrated that although the patient's mother and one of his sisters were heterozygous for the mutation carried by the patient, neither individual 4 nor her mother were carriers of this mutation. When individual 10 was born, his activated T cells demonstrated normal binding to the CD40 construct. The results in this family suggest that either the patient's great-grandmother was homozygous for the alleles at CD40 ligand and HPRT or the maternal great-grandfather transmitted the mutation to some but not all of his daughters. The situation in the family of Subject 13, shown in Fig. 4 C was simpler. When her nephew was diagnosed as having X-linked hyper IgM syndrome, individual 4 wanted carrier detection. Although this woman had inherited a different allele from her affected nephew at HPRT, the grandmother was uninformative for the more closely linked allele at CD40 ligand. Analysis of SSCP confirmed that individual 4 was not a carrier of X-linked hyper IgM syndrome.
Discussion
In this paper, we describe the identification of mutations in the gene for CD40 ligand in all 13 patients suspected of having X-linked hyper IgM syndrome. Although most alterations were identified both by cDNA sequencing and SSCP analysis, SSCP was successful in pinpointing the mutations in all patients. The use of SSCP to detect the mutation in Subject 2, who had a 1.5-kb deletion within the gene for CD40 ligand, might be considered indirect. The failure of a single pair of primers to amplify a region of genomic DNA, in this case, exon 1, when all other primer pairs were successful, suggested that the sequence hybridizing to one or both of the primers was absent or mutated. Although SSCP could not be used to track the mutation in the family of Subject 2, Southern blot analysis could be used to follow the altered restriction fragments in females at risk. In all other families included in this study, SSCP could be used to track the mutation.
Providing carrier detection for females at risk of having inherited mutations in the gene for CD40 ligand can be difficult. In families in which several generations are affected, linkage analysis is often helpful, especially if critical individuals are heterozygous for the CA repeat in the 3 Ј untranslated portion of the CD40 ligand gene. Between 70 and 80% of women are heterozygous at this locus (25, 30) ; however, several of the mothers or grandmothers included in this study were not informative at this locus. In addition, the results of linkage analysis were misleading in two families shown in Fig. 4 in whom the source of the mutation was most likely a male with gonadal mosaicism. In these families, carrier detection was dependent on a technique that could specifically document the mutation in that family. SSCP performs this function with minimal effort or expense because it does not require sequencing of DNA or identification of a restriction site that is revealed by the mutation.
SSCP and cDNA sequencing can be complementary. The abnormal banding pattern on SSCP analysis focuses attention on the site of the mutation and permits rapid mutation detection. The cDNA sequence demonstrates the functional consequences of that mutation. However, it should be noted that the apparent functional consequences of a mutation may be influenced by the primers chosen to amplify the cDNA. In Subject 6, a patient with a splice defect, some primers revealed the use of cryptic splice sites; whereas others demonstrated deletion of the exon upstream of the splice donor defect. Some types of mutations cannot be detected by SSCP analysis. A significant proportion of patients with hemophilia A have a DNA inversion that transects the Factor VIII gene (31, 32) . This chromosomal rearrangement escapes detection by genomic DNA analysis, and it was first recognized by alterations in the cDNA. Some patients with cystic fibrosis have a single basepair substitution in an intron of the CFTR gene (33) . This substitution creates a splice donor site and results in the addition of a cryptic exon to the CFTR transcript.
With the exception of the patient with the deletion of exon 1, the types of mutations identified in our patients were similar to the ‫ف‬ 20 patients reported by others (2-6, 19-24). Although we identified 11 different mutations in 13 patients, our data support the hypothesis that there are "hot spots" for mutation in the gene for CD40 ligand (23) . Subjects 7 and 8 had the same base pair substitution as did Subjects 12 and 13; neither occurred at CpG dinucleotides. In addition, Subject 10 had the same C to T basepair substitution in codon 221 as a patient reported by Villa et al. (21) . These two patients were not of common descent as we could identify the source of mutation in Subject 10. The region around codons 126-129 in exon 4 also appears to be susceptible to alteration, in that four patients, including Subject 5, have mutations in this area (3, 23) . Although the number of reported mutations in CD40 ligand remains relatively small, our data, and that reported by others, suggest that Ͼ 90% of mutations in this gene occur in the coding regions and in associated splice sites. Further, by using sensitive SSCP conditions most of these mutations can be detected in screening assays.
